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ABSTRACT

In certain pressurized water reactor (PWR) designs, emergency core coolant
(ECC) is inj:cted through the hot legs into the upper plenum. The condensation
of steam on this subcooled liquid stream reduces the pressure in the hot legs
and upper plenum and thereby affects flow conditions throughout the reactor.

In the present study, we examine countercurrent steam-water flow in the hot leg
to determine the deceleration of the ECC flow that results from an adverse
pressure gradient and from momentum exchange from tChe steam by interfacial drag
and condensation. For the paramecers examined in the study, water flow rever-
sal 73 observed for a pressure drop of 22-32 mBar over the 1.5 m hot leg.

We have also performed a three-dimensional study of subcooled water injec-
tion into air and steam environments of the upper plenum. The ECC water is de-
flected by an array of cylindrical guide tubes in its passage through the upper
plenum. Comparisons of the air-water resulte with data obtained in a full
scale experiment shows reasonable agreement, but indicates that there may be
too much resistance to horizontal flow about the columns because of the use of
a stair-step representation of the cylindrical guide tube cross section. Cal-
culations of flow nasc single columas of stair-step, square and circular crcss
section do indicate excessive water deentrainment by the noncircular column.
This has prompted the use of an arbitrary mesh computational procedure to more
accurately represent tne circular cross-section guide tubes.

l: INTRODUCTION

In certain pressurized water reactor (PWR) designs, emergency core coolant
(ECC) is injected through the hot legs into the upper plenum. The condensation
of steam on this subcooled liquid atream reduces the pressure in the hot legs
and upper plenum and theredby affects flow conditions throughout the reactor.
Thus, a systems code will be required to analyze the dynamics of this transient
two-phase flow.

In the present study, we examine thesa steam-water flows in the hot le3
and upper plenum in order to provide modeling assistance for the systems calcu-
lation. These component studies are now considered separately, although cune
objactive of the program is to examine the interartion of the flow in the upper
plenum with that in the hot legs.



In the hot leg part of the study, we assume that the ECC flow encounters
an adverse pressure gradient that is driving steam counter to the water flow.
We wish to determine the deceleration of the ECC flow that results from the ad-
verse pressure gradient and from momentum exchange from the steam by interfa-
cial drag and condensation. We have derived a computer model for the mass, mo-
mentum and energy exchanged in this countercurrert flow [1], based on the exam-
ination of a large body of experimental data dealing with cocurrent and coun-
tercurrent gas-liquid flow. We than examine the sensitivity of the steam-water
interactions in the hot leg to variations in the coefficients of the mass and
momentum exchange functions.

The effectiveness of the ECC system is enhanced if a large volume of this
water can penetrate through the complex guide tube arrangement of the upper
plenum to drain down and cool the central part of the core. Thus in the second
phase of the study, we examine the breakup and deflection of the ECC jet by in-
teractions with the guide tubes of the upper plenum and its loss of subcooling
through the condensation of steam. In addition to the steam-water study, we
alsc examine air-water interactions in the geometry of the upper plenum for
comparison with full-scale experimental measurements [2].

In a Cartesian coordinate system it is necessary to represent the circular
cross—section gulde tubes by a stair-step arrangement of calculation cells.
The sensitivity of the calculated results to the guide tube cross-sectional
representation 13 examined by comparing results obtained in a single guide tube
study using a stair-step, square or circular cross—section guide tube. These
results suggest the need fur a better guide tube representation, which is ac-
complished through the use of a computational procedure that permits an arbi-
trery mesh generation.

2: COUNTERCURRENT FLOW IN THE HOT LEG

In this study ECC is injected at the bottom of the hot leg from a pipe of
roughly ellipsoidal shepe. A schematic cross—-sectioral view of the hot leg and
the ECC injection pipe is shown iIn Fig. l. The cross-sectional area of the FCC

pipe is 0.038 m?, while that of

the hot leg is approximatelv 0.45

mz. In the one-~dimensional fi-
nite difference calculations we
represent this two-phase pipe
flow by two-phase flow in a rec-
tangular channel, in which the
lower 10X of the channel is
filled with water and the upper
90% with steam, both at satura-
tion temperature. Subcooled wa-
ter (at temperature 308 K) is in-
jected into the system through a
port on the lower right side of
/ the channel, at a velocity of -7
-— . m/s. A pressure drop is main-
O42m tained over the systam, acceler-
. . ating the steam counter to the
Pig. 1. A cross-sectional view of the water, The average prescure in
hot leg pipe with the «llip- the hot le; us about 6 Bars and
soidal ECC pipe at the bottom. the corresponding saturatinn tem-




perature is 431 K. The boundary conditions permit the steam flow to be re-
versed if the deceleration that results from momentum exchange with the water,
together with wall drag, exceeds the pressure acceleration. However, the
boundary conditions in this one~dimensional study do not permit water to be
transported out across the water inlet end of the channel. If the water flcw
is halted before it reaches the outlet to the reactor vessel, the water accumu-
lates in the channei in the form of a growing wave. We interpret this situa-
tion as effective water flow reversal and terminate the calculation. However,
if the water penetrates to the reactor vessel, the calculation reaches a steady
state condition. At steady state the water depth increases mouotonically from
the ECC inlet port tc the reactor vessel, with the change in depth proportiunal
to the water deceleration, so the mass flow rate is constant.

In this study we make use of a one-dimensional version of the K-TIF numer-
ical method [3] for time-dependent, incompressible, multi-phase interactions.
Reference 1 provides a description of the equations that are solved in this
study, so that description will not be repeated here. However, we duv discuss
the momentum and mass exchange functions that are used.

The interfacial momentum exchange function has the form

K= prglul-ugl/n ’ (1)

where p is density, u is velocity, H is the height of the calculation region,
and the subscripts g and 4 refer to gas and liquid. The coefficient fw ac~

counts for the waviness of the interface, and corresponds to the ratio of wave
amplitude to wavelength [1]. For the relative velocities that exist in this
study we expect to encounter three wave regimes: three dimensioral waves, roll
wvaves and droplet entrainment from unstable wave crests. Tranciiions between
flow regimes appear to be scale dependent {1}, hut i~ large gcale horizontal
air-water experiments Wallis [4) determined _hat three dimensional waves devel~
op at a relative velocity of about ® u/s, the transition to roll wavas occurs
at about 11 m/s, and entrainmz.t begins at about 17 m/a. In nther large scalc
experiments van Rossum [5) determined that the relative velocity for water
droplet entrainmant in air is about 18 m/s.

In the hot leg injection study we assume that the momentum exchaiige coaf-
ficient fm varies with flow regime, using Wallis' relative velocity criteria

for Lhe transitions betwean flow ragimes. We exprecs this assumption,

0.1 + 0.033(ur.1—5) , 5 < Uiy € 11 m/s
f = ¢ x (2)
w W max .

0.3 + 0.117(ur.1-11) y 11 ¢ Urel <17 u/s

vhare U1 ™ lut-ugl. Interpreting f“ as the ratio of wave amplitude to wave-

length, the relations in Eq. (2) imply that the ratin is 0.1 ‘w nax £t the on-



set of three¢ dimensional disturbances, 0.3 fw max at the onset of role waves,

and 1.0 q» max 11 the droplet entrainment regime. The droplet entrainment re-

X
gime does not correspond to a particular wave form, but the increase in the mo-
mentum exchange coefficient for this regime derives from the assumption that
the addition of droplets to the gas field results in increased interfacial
drag. One could also consider modifying the density of the gas field to ac-
count for droplet entrainment, but this was not done in this study.

The mass per unit volume per unit time changing phase by condensation is
given by

p,b T -T

s, lu - s_% (3)

L
J =] —— u, |
c thH L g A d

in the hot leg study. Here Jc is a nondimensional coefficient, b is spacific
haat, hf8 is latent heat, s is the turbulent macroscale, T is the temperature

and d 1s the thermal boundary layer thickness. The principal factor controll-
ing mass exchange at the interface is the turbulent mixing of cool water from
within the liquid layer up to the interface. We include this effect in Eg. (3)
by the prodcct szlug-uzl. which is proportioral to a turbulent eddy viscosity.

The ratio of length scales slld in Eq. (3) is modeled by

82 x -4\ -4
r-(f+10) . (4)

where x/L is the fractional distance measured from the ECC inlet port. The
purpose of this form is to represent a very thin thermal boundary layer at the
ECC injection port and the rapid growth of this boundary layer with distance
from this inlet. The model has not been tested axperimentally and hence could
be a source of excessive heat transfer to the water in this study.

We estimate the magnitude of the mass exchange coefficient Jc on the basis
of numerical comparisons with amall scal¢ corndensation experiments performed at
Northwestern University [6]. A value Jc - -Amlo—a gave good agreement with ex-

periments in one~dimensional calculations of those cocurrent, horizontally-
stratified steam water flows.

The wall friction cnafficionts for the water and steam were obtained from
Schlichting [7], assuming a sand roughness values equivalent to that of struc-~
tural steel pipe. The coefficients used in this study are ey " 0.014 and c, "

0.011. The larger friction coefficient for the water reflects the fact that,
prior to entry into the hot leg, the water had been flowing in a much smaller
pire. In the numerical computations the friction coelficient for the stesm is
multiplied by an area ratio factor to account for the graater surface area of
interaction in hot leg pipe compared to the rectangular calculation region. No
such adjustment in applied to the water, bacause its area of interaction is ap-
proximately the same in both casas.



2.1. Results of the Calculations

The principal uncertainties in chis calculational study are the coeffi-
clente of the mass and momentum exchange functions, Jc and fw- Therefore in

this section we examine the sensitivity of the steam-water interactions to var-
fations of these coefficients. We also examine the important interactions be-
tween the condensation process and the pressure variations in the system, and
the consequences of these interactions on momentum exchange between the phases.

Figures 2 and 3 show some results of variations in the mass exchange coef-
ficient J_ . Figure 2 shows the calculated water velocity at the exit to the

reactor vessel as a function of pressure drop over the 1.5 m channel. Each da-
tum point represents a steady-state result obtained from a single numerical
calculation. The water, which 1s injected into the hot leg at the velocity = 7
m/s, is decelerated during flow through the 1.5 m channel by the adverse pres-
sure gradient and by momentum exchange from the steam and from the rigid wall.
Increasing the pressure drop increases the deceleration, so that the results
take the form of a flooding curve, with increased pressure drop leading to de-
creased water penetration velocity and finally to zero penetration, or c-mplete
flooding.

The value Jé - -4xlO_A was found to produce good ‘g eement with experiment

[6] in a one~dimensional numerical study of cocurrent, horizontally-stratified,
steam-water {low. Thus, in the absence of other information, this is our best
ertimate of the value of Joo However, Fige. 2 shows that a variation of this

coefficient from 0 to l.leO—3 has relatively little effect on the witer exit
velocity into the reactor vessel. The minimum sustainable exit velocity 1s ap-
proximately 2.5 m/s; any greater deceleration results in water flow reversal.
For the range wvalues of Je examined in Fig. 2, flow reversal orcurs for a pres-
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Fig. 2. Water velocity at the exit from the hot leg to the reactor vessel as a
function of pressure drop over the 1.5 m channel for four values of
the mass exchange coafficient.
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Fig. 3. Water temperature at the exit from the hot 1eg to the reactor vessel
as a function of pressure drop over the 1.5 m channel for three values
of the mass exchange coefficient. The water is injected into the hot
leg at the temperature 308 K, and the saturation temperature is 431 K.

sure drop from the vessel to the ECC inle:t of approximately 22-22 mBar over
this 1.5 m distance.

The principal effect of condensation on momentum exchange in the hot leg
comes about, not through phase change, but through the greater interfacial drag
that results from the iacrease in the steam velocity into the channel. The
largest inlet steam velocity against which water can penetrate into the reac-
tor vessel is about 21 m/s for the four values of Jc considered in Fig. 2.

The water temperature at the exit to the reactor vessel Iincreases with the
mass exchange coefficlent Jc and with the pressure drop over the hot leg, as

shown in Fig. 3. The water enters the hot leg at 308 K, suv these results indi-
cate a decrease in subcooling in the range 8-31 K for the three values of Jc

considered. Of course, when Jc » 0 the water remains at the initial subcooling

of 123 K. Two factors that contribute to the increase in witer temperature
with ;ressure drop are the increasc in the relative veloc{ty between the
fluids, which leads to greater turbulent mixing in the water layer and hence
more condensation, and the longer residence time of the water in the channel.

In Fig. 4 we exumine the sensitivity of the calculated nteam-water flow in

the channel to varirtions of the momentum exchange coefficient fw max of Eq.

(2). Figure 4 shows flooding curves of ths water velocity at the exit to the
reactor vesscl as a function of the pressure drop over the channel for three

values of fw nex’ The exiting water velocity is not strongly sensitive to
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Fig. 4. Water velocity at the exit from the hot leg to the reactor vessel as a
function of pressure drop over the 1.5 m channel for three values of
'%e momentum exchange coefficient in Eq. (2).

fw Hax when plotted in this way. However, these results indicate that this wa-~

ter velocity increases with ﬁn nax

sult appears counter-intuitive it can be explained by the relationship between
condensation and interfacial drag.

for a given pressure drop. While this re-

When the drag coefficlent is decreased at a given pressure drop, the cal-
culated steam flow into the channel is increased. In the absence of condensa-
tion, the stead ~state interfaciel drag is changed only slightly, because the
pressure gradient and the interfacial drag term dominate the gas momentum equa-
tion under these circumstances. If the drag coefficient is decreased, the gas
velocity iato the system will increass, so that the pressure gradient and in-
terfacial stress will again be in btalance. Thus, there will be a greater rela-
tive velocity between the fluids, so if condensation is included, as it was in
the calculations of Fige 4, thera will be more momentum sxchange by that mecha-
nism (sea Eq. (3)]). Hence, the calrulated water flow into the reactor vessel
decreases with decreasing fm nax at & given pressure drop over the channel.

For the range of valuans of the coefficient fu considered in Fig. 4,

max
the pr.ssurc drop over the chamnnel required for flow reversal varies in the
range 22-30 mBar. The minimum sustainable water velocity info the reactor ves-
sel is approximataly -2.5 m/s. The maximum incoming steam velocity for which
water 18 able to penetrate into the reactor vessel varies from about 17 m/s

when fw = 1.5 to about 30 m/s when fu <" 0.5.

max ma

In Fig. 5 we show the variation in the watar tempurature at the exit to
the reactor vessel for the rvange of parameters axamined in Fig. 4. The water
temperature shows an opposi.. trend from that of the water velocity dat> for
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Fig. 5. Water temperature at the exit from the hot leg to the reactor vessel
as a function of pressure drop over the 1.5 m channel for three values
of the momentum exchange coefficient in Eq. (2). The water is in-
Jected into the hot leg at the temperature 308 K, and the saturation
temperature is 431 K.

the reasons discussed in relation to Fig. 3. A decrease in fw max °F A0 in-

crease in the pressure drop causes an Iincrease in the relative velocity between
the fluids, which promotes greater turbulent mixing within the water layer and
hence more condensation and heat transfer from the sv.eam, and an jucrease in
the water residence time in the channel.

2.2. Validity of the Results

The validity of these results might well be questioned on the basis of un-
certainty in the values of the mass and momentum exchange coefficients used in
the numericsl calculations. However, Fig. 2 indicates that these results are
not very sensitive to the value of the mass exchange coefficfent within a rea-
sonable vange of its variations. Indeed, the main conclusion would Le the same
if we neglected condensation entirely. However, there may be a greater uncer-
tainty in regard to the value of the momentum exchange coefficient used in this
study, although the results of Fig. 4 indicate that a further decrease in the
nomentum exchange coefficient irom those considered here may result in ECC flow
reversal at even smaller pressure drops.

There is another way of checking on the results of this study without re-
gard tc the form of the mass and momentum exchange terms. This can be done by
considering the mixture equation formed by adding the steady state momentum
equations and neglecting axial diffusion and wall drag. Using this procedure,
it is shown in reference 1 that a pressure drop over the hot leg of 23.3 mBar



would prcduce a 502 decrease in water velocity in the hot leg. This is con-
sistent with the results cf Figs. 2 and 4.

3: DEFLECTION OF THE ECC JET BY UPPER PLENUM COLUMNS

In the upper plenum study we will consider both air-water and steam-water
interactions. The results of the air-water study are compared with measure-
ments obtained in a three-dimensional, full-scale test facility in Germany
[2). Figure 6 shows a horizontal cross section of the test facility and out-
lines a subsection of the upper plenum for which numerical computations were
performed. Also show in the figure 1s cthe hot leg and the ECC injection pipe
which lies on the bottom of the hot leg as shown in Fig. 1.

In the air-water experiments [2) water was injected into the upper plenum
from the hot leg opening at the rate 333 kg/s (inlet velocity is 7.9 m/s) at
atmospheric pressure. Pitot tube measurements were made 106 cm below the water
injection elevation. The pitot tube resided in a water pool 1 cm below the
pool surface and was moved along the line-of-sight paths between the columns.
The recorded pressure head at numerous locations was used to deduce information
on the vertical flow rate. Around the perimeter, between the outer columns and
the plenum wall, flow rate data was taken with a pair of cups that zould be
moved along arcs of constant radius. The cups were located 172 cm below the
water injection elevation.

3.1, Calculations in a Carcesian Coordinate System
The three dimensional K-FIX code [8] has been used to perform both air-
water and steam-water calculations in this upper plenum geometry. Since this

code is fully documented we will not describe it here, but we do discuss the
momentum and mass exchange terms used in the study.

Control Rod Guice Tube
AN

L " VA~ h Computing Region

7k o— 180 —'——‘1

Y

—0 —3y6 - — — —

20

Hot Leg —/

Water 1Injection Pipe

Fig. 6. Horizontal section of the air-water test facility and the computing
region boundarier. Dimensions are in cm.



The momentum exchange function has the form
3
K = z-pg{a(l—a)lul-ugl + v/[ra(l-a)]}/r , (5)

where r is a mean entity size and v is the kinematic gas viscosity. The first
group of terms in Eq. (5) deseribes the momentum exchange function that is ef-
fective for nonvanishing values of the volume fractions, while the second group
ties the two fields together near tte volume fraction limits. Although the
latter is probably too restrictive on the droplet motion, only very small
amounts of the injected water are involved, since void fractions typically
greater than 997 are required to significantly reduce relative motion. The
form of Eq. {5) is equivalent to that used in PWR downcomer studies [9], which
invulved highly agitated gas-liquid interactions such as observed during upper
plenum injection. The entity size r was taken to be about twice the value used
for the downcomer study because of the more coheslive appearance of the water
flow. On this basis we obtain the value r = 0.24 cm.

The mass exchange function used in the steam-water calculations is equivalent
in form to that of Eq. (3), but the coefficient now is proportional to the
product of the volume fractions, and the term H is replaced by a factor propor-
tional to the cell size. The turbulent macroscale and the thermal boundary
layer thickness are assumed to be 1/4 and 1/2 the spacing between the upper
planum guide tubes, respectively. The final mass exchange rate is 20% smaller
than that used in downcomer flow simulations [9].

In the horizontal plane the computing region is a mesh of 19 x 23 square
cells, 5 cm on a side. The circular guide tubes are approximated with 13 of
these cells, as indicated in Fig. 7, which shows the steady-state liquid veloc~
ity field in the air-water calculation at the water injection elevation. Five
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Fig. /. Steady-state liquid velocity field for the air-water calculation at
the elevation of the water injection. The speed of the incoming water
is 790.% cm/s.



ma jor guide tubes and one minor one are resolved in the numerical study. 1In
the vertical direction there are 17 computation cells, each 13.05 cm high.

Results of the calculetions. The comparison of the air-water calculation
data and the comparisons of the stcam—water and air-water results are shown in
Figs. 8-11. Pigure 8 shows the flow rate distribution in kg/s for water leav-
ing the computing mesh acrcss its bottom boundary. The values represent aver-
ages over the indicated regions. Values in parenthesis correspond to the data,
while the others are calculated results. The total water fiow across the bot-
tom, which is the sum of the flow in each region, is calculated to be 131 kg/s
compared with a value of 80 kg/s indicated by the data. In the regions around
the columns, where the calculated averages are significantly higher than the
data, large contributions to the average occur from the cells adjacent to the
columns, which indicates film flow down the columns. Such a situation could
not be accurately measured by the pitot tube tranversing between the columns.
At best the pitot ftube could detect only the induced wave motion on the water
surface, but any inference about the vertical flow rate from a Bernoulli rela-
tion, as is done, would be an underestimate. On the other hand, the stairstep
approximation to the circular cross—section of the columns used in the calcula-
tional model offers more resistance to hor.zontal flow that it should. This

point will be considered in more detail below.
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Flow rate distribution in

kg/s for water flowing out of
the computing mesh across its
bottom boundary for the air-
water (upper) and steam-
water (lower) calculations.

The water flow across the bot-
tom for the steam—water calculation
is greater than for alr-water. The
total flow is 331 kg/s, which is
very nearly equal to the water in-
jection rate. (Note: No account
is taken of any deceleration or
warming of the ECC flow in the hot
leg. We assur: that it enters the
upper plenum at i‘s initial veloci-
ty and subcocling.) A considerable
mass flow rate of steam enters the
computing mesh through the open
vertical sides. No rteam enters
through the bottom in accordance
with the boundary condition used
for the air-water calculation. The
flow rate of steam that enters the
compiting region and condenses to
water is 26 kg/s. The entering
steam brings with it entrained
droplets that amount to 25 kg/s, so
that the r t water influx to the
computing region is 358 kg/s. When
this inflow rate is added to the 26
kg/s, produced internally from con-
densation, it balances the net out-
flw rate of 184 kg/s &t steady
state, which is achieved at about
1.4 8. About 35% of the injected
water flows across the bottom of
the romputing mesh just vehind the
lead column. Large amounts of con-
densation occur as the fet collides
with the Lead column becsause of the
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Fige 9. Contours of mass flux in kg/s-cm2 flowing across vertical face A (see
Fig. 8) for the air-water (left) end steam~water (rignt) calculations.
The values shown between the columns are flow rates in kg/s. Those in
parenthesis are the data values.

significant increase in the steam-water contact area. The romentum transfer
from condensstion and the frictional resistance of the countercurrent flowing

steam rushing towerd the initial impact point dissipate the horizontal momentum
of the water jet.

The water flow across the vertical boundaries of the computing mesh are

shiown as contours of mass flux (kg/s-cmz) in Figs. 9-11 for faces A, B, and C
(see Fig. B8), respectively. The left-hand plot in each figure shows values for
the mass flow race betwaen the columns calculated for the air-water tests, com=-
pared with the data shown in parentheses. The right=hand plot shows the corre-
sponding steam~water results. The arrows on each plot denote the elevation of
the water injection port centerline. In Fig. 9 (face A) the calculated total
vater outflow of 45.8 kg/s agrees well with the total wmeasured rate of 41.0
kg/s; however, the calculated distribution ac.ocs the face is different from
that measured. The gteam flow rate across this face is negligible.

On face B (Fig. 10), which is the most important face for considerations
of core cooling efficiency, agreement with the data for the flow rate between
columns 1 and 3 is very good. The calculated tlow rate between columns 3 and
5, however, ir only about one-half the dats value. The loss of water flow be-~
tveen thesa columns is essentially equal to the excess flow calculated across
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Fig. 10. Contours of mass flux in kg/s-cmz flowing across vercical face B (see

Fig. 8). The orientation of the plots and the meaning of the values
is the same as in Fig. 9.

the bottom: The flow rates for steam-water are much lower than for air-water
and the sheet structura of the flow is reduced.

The flow rate across tace C in Fig. 11 is the smullest flow crossing the
vertical boundaries. This calculated tlow is highly voided and, although the
exiting region is large, the flow rate is low (11.5 kg/s). The data indicate
twice as much wacter to be exiting but the highly-voided description and the
exit lc.ation agree with the observations. 1In the steam~water calculation no
wvater leaves the computing mesh across the boundary. In fact, the incoming
steam flow brings with it as entrained droplets about 19 kg/s of water.

The water injection temparature is 293 K, which is 139°C subcooled at 6
mBacs. The water is heated only by latent heat deposition from condensation.
No heat transfer with the columns is considered. The temperature of water
crossing the bottom of tha computing mesh varies from 301 K to 366 K, with a
maan of about 3I2% K, which is 107°C subcooled. The temperatura of water
crossing faces A and B is somewhat higher. For face A the temperature ranges
from 307 X to 421 X, but only a small amount of water is involved. For face B
the temperature ranges from 306 K to 416 K with most of the water at about 374
K, which is 58°C subcoolad.



/“\ 1.8
(21,0) (03]

f
|

H:0.012 H: 0.0
L=0.00I Le0.0
Interval = 0.002 Interval* 0.0

Fig. 1l1. Contours of mass flux in kg/a-cm2 flowing ac.oss vertical face C (see
Fig. 8). The orientation of the plote and the meaning of the 1lues
is the same as in Fig. 9.

3.2. The Effect of Guida Tuba Croms Section on Momentum Flux.

In the previous wection we saw that the numerical results showed a grester
liquid flow rate through the bottom boundary of the computation region, and
correspondingly less flow through the tha sides, than was deduced from the ex-
periment. A possible aexplanation for this is that there is an ercess transfer
of horizontal to vertical momentum a» a result of ueing a stair-step represen-
tation of the circular guide tubes. Thio explanation im supported by the ob-
servation that the calculational cells that show the grestest vertical liquid
mass {low arc located on the firnt face of the columns.

To test the theory that the use of a stair-stap representation of a round
cvlindrical column will result in excess transfar of horirontal to vertical mo-
mentum we have performed a etudy of water flow past a single cylindrical column
of stair-step, square and circular cross section in an air environment. The
calculation of flow past a circular cylinder was performed in cylindrical coor-
dinates, while the other celculations made uvee of a Cartesian coordinate eys-
tenm. In all cases the liquid flow enters the computation region from the upper
right boundary at a velocity of asppruximately 6.7 m/e. The cross-sectional
areas of the square and cylindrical columns are approximately equal, while the
stair-step column corresponds to the square column with three computation cells
deleted from esch corner. The effect of these variatione {n column croes sec-
tion on the liquid mess flux thrvugh the bottom boundary of the computation
mash can be sean in Fig. 12. Por the ctair-step croms-section column most of
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Contours of liquid mases
flux through the bottom
boundary from calculations
of air-water flow past
stair-step (top), square
(middle) and circular
(bottom) cross-section
columns.

the liquid flux 1s concentrated in
the stair-step region in one corner
of the column. This is conaistent
with the observations of section

3.1« Iu the square column calcula-
tion the vertical liquid flux is more
uni{formly distributed along the front
face of the obstacle. In the calcu-
lation of flow past the circular cyl-
inder the vertical liquid mass flux
is much more uniformiy distributed,
with the maximum occurring in the
wake of the obstacle. The total liq-
uid mass fluxes through the bottom
beundary of the calculation region in
kg/e are 53.4, 59.7 and 35.1 for the
stair-gtep, square ancd cylindrical
columno, respectively. This result
demonstrates that the use of stair-
step or square cross—gection columns
resuits in much greater vert{cal 1li-
quid flow in the immediate vicinity
of the column than is seen in the
calculation of flow past a circular
cylinder.

3.3. Calculations in an Arbitrary
Coordinate Systen

In order to improve our abilicy
to resolve circular cross-section
columns we are now using the SALE-3D
computational procedure [10) in these
upper plenum studies. This method
permits a completely arbitrary mesh
arrangement and thereby permits us to
sore nearly represent the circular
crosa-caction of the columns, as
shown in Fig. 13. Thias figure ahows
a cross-sactional view of a mesh gen-
eratea to represent one-half of the
upper plenum as shown in Fig. 6. The
columns are represanted in cross sec-
tion by octagons, and the regions be-
tween the columns are smoothly moned
to minimize computational difficul-
ties.

Figures 14 and 13 show some pre-
liminary resulte obtained in applying
this procedure to the hot leg ECC in-
jection study. Thaese figures shovw a
velocity plot and a void fraction
contour plot at the eler~.ion of ECC
irjection for a etean—water calcula-
tion. The figures shov two hot leg
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Fig. 13. A horizontal cross-section of tha calculation mesh used in the
SALE-3D upper plenum study.
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Fig. l4. A velocity vector plot st the elevation of water injection from a
stean-water upper plenum calculetion vsing SALE-3D.
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Fig. 15. A /01d fraction contour plot at the elevation of water injection frum
a stean-water upper plenum calculatfon using SALE-13D.

openings, but the opening on the laft is closed off and treated as a free-slip
wall in this calculation. In this study we use a homogeneous procedure for the
calculation of fluid motion, so the velocity plot shcws both gas and liquid mo-
tion. The incoming water jet has 2~ erated vortices in the steam field near
the inlet region and there is gas motion as well in the regiuns between the



guide tubes. The void fraction plot shows that the liquid jet has been de-
flected, pomsaibly through the action of the steam vortices. This liquid dis-
tributior appears to be consistent with the steam water results seen in the
K=FIX calculations of Fig. 8.

A Conclusion

In the hot leg part of this stuly we have examined a horizontally straci-
fled steam-water flow in a pipe leading to the upper plenum of a prassurized
water reactor. For a wide range of variations in the mass and momentum ex-
change coefficients we observe a very similar pattern of ECC deceleration as a
function of pressure drop over the hot lsg. For the paramaters examined, water
flow raversal occurs for a pressure drop in the range 22-32 mBar over the 1.5 m
hot leg.

Vla have also studied the affacts of injecting subcooled ECC water into air
and steam environments in the upper plenum of a PWR. In addition to the multi-
phase interactions that occur in this study, it is also necessary to calculate
the passage of the water through a complax array of guice tubes. The air-water
results are in reasonable agreement with experimental measurements, but they
indicacte that there may be too much resistance to horizontal flow about the
columns because of the stair-sctep shape of the column cross section. Calcula-
tions of flow past single columns of stair-step, square and circular cross sec-
tion indicate that the nuncircular columns deentrain more water than the circu-
lar column. Furthermore, this deentrainment occurs on the front face of the
column, whila in the circular case most of the Aeentrainment occurs in the wake
of the :olumns.

These results suggest that improved accuracy of upper plenum flow simula-
tions could be obtained if the circular cross section of the guide tubes was
modeled mure accurately. This has prompted the use of s computation: . proce-
dure that allows an arbitrary mesh arrangement to more nearly represent the
circular cross section.
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